Abstract: Reference populations are valuable resources in genetics studies for determining marker order, marker selection, trait mapping, construction of large-insert libraries, cross-referencing marker platforms, and genome sequencing. Reference populations can be propagated indefinitely, they are polymorphic and have normal segregation. Described are two new reference populations who share the same parents of the original wheat reference population Synthetic W7984 (Altar84/Aegilops tauschii (219) CIGM86.940) × Opata M85, an F 1 -derived doubled haploid population (SynOpDH) of 215 inbred lines and a recombinant inbred population (SynOpRIL) of 2039 F 6 lines derived by single-plant self-pollinations. A linkage map was constructed for the SynOpDH population using 1446 markers. In addition, a core set of 42 SSR markers was genotyped on SynOpRIL. A new approach to identifying a core set of markers used a step-wise selection protocol based on polymorphism, uniform chromosome distribution, and reliability to create nested sets starting with one marker per chromosome, followed by two, four, and six. It is suggested that researchers use these markers as anchors for all future mapping projects to facilitate cross-referencing markers and chromosome locations. To enhance this public resource, researchers are strongly urged to validate line identities and deposit their data in GrainGenes so that others can benefit from the accumulated information.
Introduction

Historical aspects
In the late 1980s, the International Maize and Wheat Improvement Center (CIMMYT), Mexico, and Cornell University, Ithaca, New York, collaborated to survey polymorphism levels among a large number of diverse wheat (Triticum aestivum L.) germplasm lines (Anderson et al. 1993a) . From that study, it was clear that wheat amphiploids (also known as synthetics) derived from durum (Triticum turgidum L.) crossed with Aegilops tauschii L. represented a divergent gene pool that was highly polymorphic and easily crossed with cultivated hexaploid wheat. At that time, the short arm of rye (Secale cereale L.) chromosome 1R, present in wheat as a 1RS.1BL wheat-rye translocation, was being used widely in many wheat breeding programs, including the CIMMYT breeding program, resulting in many cultivars distributed around the world that contained the translocation (Villareal et al. 1997) . Because the rye chromosome arm does not readily recombine with any of its homoeologous wheat chromosome arms (1AS, 1BS, or 1DS), it cannot be mapped in a segregating population. Consequently, a spring wheat variety without the 1RS.1BL translocation was required for creating a reference mapping population. Among the parents in the CIMMYT crossing block were four hybrids from parental combinations that were highly polymorphic, which did not have the 1RS.1BL translocation, and F 2 seeds were produced and became available. From those hybrids, the Synthetic W7984 (Altar84/Aegilops tauschii (219) CIGM86.940) × Opata M85 population was selected, and seeds from 150 F 2 plants were advanced by single-seed descent (SSD) to the F 7 generation in the greenhouse. Small quantities of seed from that generation were distributed to several collaborators. The population has been referred to by several names including M6 × Opata, SYOP, Synthetic × Opata, and ITMI mapping population. This population was widely used around the world as a reference population for mapping markers (Nelson et al. , 1995c Marino et al. 1996; Cadalen et al. 1997) , genes Autrique et al. 1995; Nelson et al. 1997; Sourdille et al. 1996; Faris et al. 1999; Li et al. 1999; Singh et al. 2000; Demeke et al. 2001; Nalam et al. 2007) , and quantitative trait loci (Anderson et al. 1993b; Martinant et al. 1998; Li et al. 2002; Nelson et al. 1998 Nelson et al. , 2006 Pshenichnikova et al. 2006) as well as for comparative mapping Wilson et al. 1999) . Much of the data and summaries from these publications can be obtained from the GrainGenes database (http://wheat.pw.usda.gov/GG2/index. shtml) [accessed 22 October 2010] .
Utility of a reference mapping population
Reference populations are widely used in genetics studies of crop species for determining marker order, marker selection, trait mapping, construction of large-insert libraries, cross-referencing marker platforms, and genome sequencing. For example, the Steptoe × Morex barley (Hordeum vulgare L.) mapping population has been used extensively by the barley research community (Kleinhofs et al. 1993) , and in rice (Oryza sativa L.), the Nipponbare × Kalasanth population has been widely used (Causse et al. 1994) . For oat (Avena sativa L.), the Ogle × Kanota population was a subspecies cross that has served as a reference population (O'Donoughue et al. 1995) . The maize (Zea mays L.) research community has used several populations, but one of the most widely used has been the IBM population (Lee et al. 2002) . For wheat, Cadalen et al. (1997) generated a mapping population of 106 doubled haploid (DH) lines from the F 1 between monosomics of 'Chinese Spring' and 'Courtot' and compared the map with the original Synthetic W7984 × Opata M85 map. Their results revealed that 25% of the markers mapped on nonhomoeologous chromosomes.
The above populations have several important characteristics in common that made them useful reference populations. First, a prerequisite to any reference population is the ability to propagate the population indefinitely so that researchers around the world can access the population and apply their expertise to mapping and evaluation of relevant traits, and thus, build on a common resource for the advancement of science in their discipline. Second, beyond immortality, the most important aspect is the presence of a high level of polymorphism at the DNA level between the parents, because this determines the proportion of markers and traits that can be mapped. The number and distribution of markers in the genome has always been one of the primary limiting factors, especially for wheat and other self-pollinated crops with relatively low polymorphism levels. Third, and very important, there should be few factors present in any mapping population causing irregular segregation such as chromosomal rearrangements, semilethal factors such as hybrid necrosis or sterility, or poor pairing of homologues. Irregular or distorted segregation can increase the local error associated with estimating map distance and, in extreme cases, severely restrict recombination. Fourth, the population should be relevant to the cultivated varieties of the species such that many of the same important traits are segregating and can be reliably mapped. Finally, there are several other less important characteristics such as ease of propagation, lack of vernalization requirement, nonseed shattering, etc. The evaluation of traits of interest is only limited by adaptation of the population and polymorphism for genes controlling the traits and linked markers. Of course, no single reference population can meet all of these criteria, consequently, reference populations are always a compromise.
Among the limitations of reference populations, the limited relevance to plant breeding is probably the greatest problem. This is because plant breeding populations are generally restricted to germplasm with a high level of adaptation to a target set of environments and are, therefore, less polymorphic. Because of the confounding effects of poor adaptation to field environments, it is often difficult to map quantitative traits that interact with biotic and abiotic factors. Also, wide crosses may result in linkage drag and segregates that are partially sterile, difficult to thresh, or lack vigor. However, because of the high levels of polymorphism for both markers and phenotypes, reference populations are widely used to map qualitative traits and to cross-reference different kinds of markers across multiple mapping populations. The ability to cross-reference different marker sets or marker technologies has always been, and continues to be, an important feature of reference populations (Somers et al. 2004) .
Since it was constructed, the Synthetic W7984 × Opata M85 population was freely distributed and redistributed to many researchers around the world, and over time anomalies have accumulated because of segregation and recombination, outcrossing, labeling errors, genetic drift, and chromosomal instability. Consequently, the goal of this work was to re-establish two new reference populations using the same parents as the original population taking extra precautions to minimize the re-occurrence of anomalies. Two complementary populations were produced; a population of 215 F 1 -derived DHs designated SynOpDH and a recombinant inbred population consisting of 2043 F 6 lines derived by self-pollination designated SynOpRIL. It should be noted that technically, both populations are recombinant inbred, however to avoid confusion, we have chosen to distinguish these populations by labeling them according to the predominant method of inbreeding. The purpose of these populations is to provide a resource for both coarse and fine mapping that is highly polymorphic, has known characteristics, and is in the public domain. To avoid confusion with the original population, it is essential that the new names be used exclusively for these populations and that they not be referenced by the names used for the original population mentioned above.
Materials and methods
The parents for the new populations were chosen to be identical to the parents of the original population using the Synthetic W7984 (Altar84/Aegilops tauschii (219) CIGM86.940) as female and Opata M85 as male. F 1 seed from the cross between a single female and male plant was produced at the University of Missouri, Columbia, Missouri, in isolation in a growth chamber by P. Gustafson, and F 1 seeds were sent to D. Somers at Agriculture Canada, Winnipeg, Manitoba, and to M. Sorrells at Cornell University, Ithaca, New York.
Doubled haploid population development
D. Somers' laboratory used the maize pollinator method (Laurie and Bennett 1988) to produce 215 DHs derived from two F 1 plants (Supplementary data, 1 Table S1 ). The DH protocol followed that of Fedak et al. (1997) where spikes were emasculated and enclosed in dialysis tubing. One day later the spike was pollinated with sweet corn pollen. At 24 and 48 h after pollination, 2,4-dichlorophenoxyacetic acid (2,4-D) at 100 ppm concentration was applied with an atomizer. Embryos were rescued at 15 days after pollination and plated on B5 medium (minus the 2,4-D). To double the chromosome number, seedlings at the 3-4 tiller stage were prepared by rinsing the soil from the roots, cutting the roots back to 3 cm from the base, and then immersing the roots in 0.1% colchicine solution (with 2% dimethylsulfoxide and 10 drops TWEEN 20 surfactant) for 5 h. Seedling roots were rinsed in tap water for 24 h, then the leaves were cut back to 6 cm, and replanted. Marker analysis indicated that several plants were either heterozygous or outcrosses and six were confirmed with additional markers.
Recombinant inbred population development
P. Gustafson's and M. Sorrells' research groups developed the recombinant inbred line (RIL) population using 15 and 9 F 1 seeds, respectively, to produce more than 2500 F 2 seeds by single-seed descent of self-pollinated plants to the F 6 generation; all lines trace back to a single F 6 plant (Table S2) . In cases where the seed did not germinate or the resulting plant did not produce seed, another seed from the same plant in the previous generation was planted. Reserve seeds from every line and every generation were kept. This was done to minimize loss of derived lines and, potentially, genetic variation. Also, a cold treatment of imbibed seeds at 3-5°C for 1-2 weeks was used to avoid loss of occasional plants that had a short vernalization requirement. Although there was some attrition and some lines are still difficult to maintain, the population currently consists of 2039 RILs. In 2007, all the populations were grown for seed increase in the greenhouse at Cornell University under a 16 h photoperiod with 15°C night and 20°C day temperatures. Additional seed increases for lines that had sufficient seed were planted in the fall at Davis, California, for harvest in June of 2008 and 2009. At harvest time, a single representative spike was harvested from each line to serve as a long-term source of seed and stored in a controlled environment seed storage at Cornell University. The remainder of the plot was harvested in bulk and sent to Cornell University for distribution to collaborators.
Molecular markers
DNA was extracted from a bulk of at least five plants from 163 DHs using the method of Heun et al. (1991) and sent to G. Brown-Guedira, USDA-ARS Genotyping Laboratory, Raleigh, North Carolina, and Triticarte P/L, a subsidiary of Diversity Arrays Technology P/L (Canberra, Australia). Fortyfour microsatellite or simple sequence repeat (SSR) markers were mapped on the SynOpDH population by D. Somers' laboratory. G. Brown-Guedira also mapped 15 SSR or sequence-tagged site (STS) markers on the population that were known to be linked to major genes. In addition, S. Chao, USDA-ARS Genotyping Laboratory, Fargo, North Dakota, mapped a diagnostic set of 42 SSR markers on the SynOpRIL population (Table S3) for the purpose of validating genotype identities. For the set of core SSR markers, the USDA genotyping centres and Agriculture Canada were consulted and based on polymorphism, chromosome distribution, and amplification reliability, markers were selected in a step-wise fashion to create nested sets starting with one per chromosome, followed by two, four, and six (Table S3). The nested design allows the cross-referencing with other maps with a minimum of mapping effort. Approximate marker order and distribution were based largely on the Somers consensus map (Somers et al. 2004) . It is recommended that these markers be used as anchors in future mapping projects, to facilitate cross-referencing markers and chromosome locations among different studies.
DArT genotyping
The parents and the DH progeny were genotyped using the Triticarte service (www.triticarte.com.au) of Diversity Arrays Technology on an expanded version of the WHEAT 2.6 array. The array contained 6528 polymorphism-enriched markers derived from whole-genome DNA samples and 2688 random markers cloned from flow-sorted 3B chromo- somes (Wenzl et al. 2010) . The genotyping and allele-calling procedures have been described elsewhere (Akbari et al. 2006 ). Each DNA sample was genotyped twice and consensus scores were recorded.
Linkage map construction
Presence/absence (0/1) DArT calls were converted into "A" (maternal: Synthetic W7984) and "B" (paternal: Opata M85) genotypes by comparison against parental scores. All markers scores were analyzed for 1:1 segregation using the c 2 test. A DArT framework map was constructed with EasyMap, a program designed to automate linkage map construction (P. Wenzl, personal communication). Briefly, EasyMap combines pre-map quality filtering of markers and lines with several iterations of map construction, followed by post-map quality filtering of markers, lines, and individual genotype calls. In each iteration, the whole set of markers is ordered using the RECORD algorithm (Van Os et al. 2005 ) and split into linkage groups based on a combination of criteria (recombination frequencies, linkage group length, cM tension). The order of markers within each linkage group is then re-optimized, and all possible pairs of linkage group ends are tested for compatibility. Compatible ends are joined and the marker order in the resultant larger linkage group(s) is re-optimized. Finally, potential genotyping errors (LOD error > 4) (Lincoln and Lander 1992) are identified and substituted with missing data (0.08% of all A and B genotypes in the SynOpDH dataset), the marker order of affected linkage groups is re-optimized again, and Kosambi cM distances for the final marker order are reported.
The linkage groups reported by EasyMap were assigned to chromosomes by taking into account known chromosome locations of DArT markers, which had been previously established by building draft linkage maps for 116 wheat mapping populations, some of which had been genotyped with both DArT and SSR markers (P. Wenzl, personal communication) . A few of the 21 wheat chromosomes (e.g., 4D, 5A) were represented by more than a single linkage group. These linkage groups were oriented and joined by comparison against corresponding chromosomal maps built for other populations. The graphical genotypes and marker data are presented in the Supplementary data, Table S4 .
SSR fragment lengths were converted into A (maternal) and B (paternal) genotypes by comparison against parental fragments. The SSR loci were then mapped by searching for the positions within the DArT framework map that minimized the degree of map expansion caused by inserting the new loci (Table S4 ). Potential genotyping (or sample-tracking) errors were identified (LOD error > 4) (Lincoln and Lander 1992) and substituted with missing data (1.4% of all A and B genotypes), and Kosambi cM distances were recalculated. The combined DArT/SSR chromosomal maps were oriented based on the chromosome arm locations of SSR markers retrieved from the GrainGenes Web site (http://wheat.pw.usda. gov) [accessed 22 October 2010] . Because only the core marker set of 42 SSRs were genotyped on the SynOpRIL population, no map was constructed, but these data are useful for future validation of the identity of the lines (Table S5) . Visual score from 1 to 10, where 1 = poor (no seed produced) and 10 = fully vigorous. 
Results and discussion
SynOpDH population
A preliminary mapping screen with 44 SSR markers revealed several possible off-types or heterozygotes, but only six were confirmed. It cannot be ruled out that others may be identified in future studies. Thirty-eight of the DH genotypes will flower earlier after vernalization treatment, but all lines will eventually flower without vernalization.
The 1446 markers reported for the SynOpDH population mapped to 1463 loci (1348 DArT and 115 SSR loci; 17 SSR markers mapped to more than one locus each) ( Fig. S1 ; Table S4). The map covered 2780 cM and individual chromosomes averaged 132 cM in size ranging from 93 (chromosome 4B) to 180 (chromosome 7D) cM. Of the 1463 loci, 545 were genetically distinct (i.e., had unique segregation patterns). In other words, 918 loci co-segregated with others either because they had been cloned from the same genomic fragment during DArT-array development or they were genetically tightly linked so that they co-segregated at the level of genetic resolution provided by the 163 DH lines in this population. Not surprisingly, chromosome 3B contributed a substantial portion (226) of these 918 genetically redundant loci, a direct consequence of our attempt to increase marker density on chromosome 3B by cloning DArT markers from flow-sorted chromosomes (Wenzl et al. 2010) .
When the chromosome-3B-derived DArT markers were excluded, the remaining map contained 1213 loci, 523 (43%) of which were genetically unique at the genetic resolution afforded by the SynOpDH population. The mean (median) interval between adjacent, genetically distinct loci in this map was 5.5 (2.9) cM. There was one interval larger than 50 cM (chromosome 4D) and 22 intervals were between 20 and 50 cM (seven in the A genome, six in the B genome, and nine in the D genome) (Fig. 1) . The mean (median) interval size varied across the three hexaploid wheat genomes, ranging from 4.0 (2.5) cM in the B genome to 6.1 (3.1) cM in the A genome and to 7.5 (4.1) cM in the D genome. These differences were largely owing to DArT markers preferentially mapping to the B genome, followed by the A and D genomes -a pattern reflecting the well-known differences in polymorphism levels among the three hexaploid wheat genomes (Qi et al. 2004 ). There were five regions of skewed segregation, one each on chromosomes 1BS, 2DL, 5BS, and 6DS. Totals of 86 (p < 0.05) and 32 (p < 0.01) loci deviated significantly from 1:1 and spanned 180 cM or 6% of the linkage map. Although there are known genes in these regions such as vern-B1 and Ne1 that could cause skewed segregation, there was no clear phenotypic or genotypic indication that a single major gene was affecting segregation.
Markers for the major genes included linked SSRs for fusarium head blight, caused by (Fusarium graminearum), and STSs for kernel hardness, photoperiod, and various rust resistances. Surprisingly, the Pina and Pinb markers were not polymorphic, although it was assumed that Opata M85 was a hard wheat. Both parents had wild type alleles with both markers. For the Ppd-D1 locus, Opata M85 had the mutant insensitive allele (283 bp) and Synthetic W 7984 had a 453 bp allele from Ae. tauschii. Unpublished markers included the following.
Lr21-LW: STS marker developed by P. St. Amand at the USDA Genotyping Laboratory, Manhattan, Kansas. The marker was polymorphic, but the parents did not have the fragment size associated with the resistance gene (197 bp) . This locus was highly significantly skewed in favor of the Opata M85 allele. Xncw1: STS marker developed at the USDA Genotyping Laboratory, Raleigh, North Carolina, that is 0.02 cM from the Lr46/Yr29/Pm39 locus. Cssfr5: STS marker that was developed from the gene sequence of Lr34 (Lagudah et al. 2009 ). Sr2: CAP marker from W. Spielmeyer, CSIRO, Australia. Opata M85 does not have Sr2, but the marker is polymorphic between it and Synthetic W7984.
SynOpRIL population
This population consists of 2039 F 7 RILs, 981 of which were developed at Cornell University and 1058 at the University of Missouri (Table S2 ) using F 1 seeds from the same cross of the same male and female parent plants. Forty-two SSR markers were characterized on 1583 RILs to assess the integrity of the population and the quality of the lines (Table S5). Nineteen had more than 10% heterozygotes (slightly less than expected) and 138 had more than 10% missing data. No off-types were detected in this population, although two SSRs (gwm332 and wmc73) identified fragment sizes slightly different from the parents. The number of heterozygotes in a line was correlated with the number of missing data (r = 0.50; p < 0.001), but the basis for this correlation is not known.
Morphological and agronomic characterization
During the 2009 seed increase at Davis, California, observations were made throughout the growing season and on seed and spike traits after harvest. These data will be available for each line in the two populations for use in validation of specific lines and for study of genetic aspects of the evaluated traits. Table 1 provides a summary of phenotypic frequencies for each of 12 traits that were evaluated. In the SynOpRILs, as well as in the original Synthetic W7984 × Opata M85 population of RILs, there was segregation for seedling vigor from sublethality that resulted in very few seeds produced to a general expression of reduced vigor. The genetic basis of this syndrome has not been established but may be investigated with the mapping data now available. Of most concern is whether the subvital lines distort the distribution of genetic variation for traits of interest. The weakest lines have been maintained in the greenhouse plantings but do not survive in the field plantings. In the 2009 field planting, about 20 lines produced no seed at all and about 7% (130) of the SynOpRILs produced less than 10 g of seed from a 1-m row when normal lines produced a mean of more than 80 g of seed, with exceptional lines producing more than 200 g of seed. Fewer very weak lines were observed in the SynOpDHs than in the SynOpRILs. Probably the enforced homozygosity in the DH process exposed the weakest genotypes that did not survive. The frequency of very weak lines in the SynOpDH population was 2.0%, comparable with the frequency in the original Synthetic W7984 × Opata M85 mapping population of 150 RILs (Table 1) but much lower than in the SynOpRILs (5.3%). During the many years of advancement of the original population, some weak lines failed to survive in field plantings, hence the lower percentage of weak lines.
Among the 12 traits examined, six of them were qualitative traits that could be examined within the progeny rows for segregation. As expected, the number of segregating lines was very low, but the SynOpRILs showed a higher frequency of segregation than the SynOpDH lines. Grain color, waxy or glossy spikes and culms, straw color, and glume and awn color were reliable diagnostic traits. However, glume and awn color created some classification problems because of variable expression that resulted in a higher than expected scoring of segregation. Additional information is needed on some of the SynOpRILs to establish the correct phenotypes.
In general, the four subpopulations (Table 1) showed remarkable similarity in frequencies and mean expression of the various phenotypes. As expected, the SynOpDH population, being based on about 200 lines, did not show as great a range in expression of traits as the approximately 2000 SynOpRILs, showing the value of developing a large population of lines for mapping and gene discovery activities.
Distribution of seed
Considerable effort is required to develop useful mapping populations and these were no exception. The seed increase at Davis, California, is expected to last for many years so only small quantities of seed, typically 10 to 20 seeds, will be distributed from Cornell University to researchers on request to the corresponding author. Some of the lines are difficult to maintain and will only be distributed for special purposes. Also, only lines whose genotypes were validated will be distributed, although the Supplementary data include all the lines developed to avoid identity problems created by gaps in the numbering. Information on these lines is available in the Supplementary data provided with this publication and will be updated and available from GrainGenes (http://wheat. pw.usda.gov/GG2/index.shtml) [accessed 22 October 2010] . Where possible, researchers should share their seed of the populations rather than request additional seed from us. Regardless of the source, it is strongly recommended that every researcher validate the identity of each line using the morphological data and marker information before using these populations. In cases where the data does not match the original, contact the corresponding author for new seed and then verify that source. Researchers who use these materials are strongly urged to deposit their data in GrainGenes, so that others can benefit from the accumulated information.
These populations have been developed using unrestricted funds, placed in the public domain, and are not subject to a material transfer agreement. It is requested that appropriate acknowledgement and citation of this publication be included in future publications and reports using these materials.
